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Abstract:  
Supercapacitors have aroused considerable attention due to their high power capability, which 
enables charge storage/output in minutes or even seconds. However, to achieve high energy 
density of supercapacitors has been a long-standing challenge. Here we report graphite as a 
high-energy alternative to the frequently used activated carbon (AC) cathode for 
supercapacitor application due to its unique Faradaic pseudocapacitive anion intercalation 
behavior. The graphite cathode manifests both higher gravimetric and volumetric energy 
density (498 Wh/kg and 431.2 Wh/l) than AC cathode (234 Wh/kg and 83.5 Wh/l) with peak 
power densities of 43.6 kW/kg and 37.75 kW/l. New-type Li-ion pseudocapacitors (LIpCs) 
are thus proposed and demonstrated with graphite as cathode and prelithiated graphite or 
Li4Ti5O12 (LTO) as anode. The resultant graphite-graphite LIpCs deliver high energy 
densities of 167-233 Wh/kg at power densities of 0.22-21.0 kW/kg (based on active mass in 
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both electrodes), much higher than 20-146 Wh/kg of AC-derived Li-ion capacitors and 23-67 
Wh/kg of state-of-the-art metal oxide pseudocapacitors. Excellent rate capability and cycling 
stability are further demonstrated for LTO-graphite LIpCs. 
 
 
 
Supercapacitors (electrochemical capacitors), as an attractive alternative to rechargeable 
batteries, are highly promising to meet the fast energy storage demands in portable electronic 
devices, electric automotive and regenerative energy harvesting due to their high power, short 
charging time and long cycle life.[1] The main challenge associated with supercapacitors lies 
in their low energy densities (5-10 Wh/kg[1d, 2] vs 387 Wh/kg[3] for Li-ion batteries), making 
them only functioning as a complement rather than an independent power source for compact 
energy applications. As a consequence, considerable efforts including development of high-
capacitance electrode materials and building high-voltage devices have been made to enhance 
the energy density.[4] 
Compared to conventional electrical double layer capacitors (EDLCs, Figure S1), Li-ion 
capacitors (LICs) comprising a battery-type anode (graphite or Li4Ti5O12) and a capacitor-
type cathode exhibit improved energy density (20-146 Wh/kg) (Figure 1a, c), which profits 
from efficient utilization of cathode and an enlarged operating voltage.[5] The cathodes 
applied in LICs are mainly carbonaceous materials, such as activated carbon (AC), graphene, 
carbon nanotubes and porous carbon.[5g, 6] Among them, AC is still the most frequently used 
cathode material benefiting from its low manufacturing cost and high surface area. However, 
the energy density of LICs based on the AC cathode is approaching its limit due to the 
following reasons: Firstly, AC stores energy via reversible electrostatic ion adsorption on the 
carbon surface[4f] instead of bulk and the charges increase nonlinearly with surface area,[6a] 
leading to relatively low capacitance. Secondly, the high surface area of AC raises the risk of 
electrolyte decomposition[5h] and limits the working potential of AC below 4.5-4.6V (vs 
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Li/Li+). Thirdly, the porous AC is often accompanied with a low tap density of electrodes 
(<0.5 g/cm3), resulting in an inferior volumetric energy density. Fourthly, the low 
graphitization of AC brings about a low electrical conductivity of AC cathode. Therefore, it is 
highly desirable to develop new-type high-energy and high-power LICs based on cost-
efficient and sustainable materials beyond AC. 
Graphite, an abundant layer-structured crystalline allotrope of carbon, consists of numerous 
graphene layers stacked via van der Waals force, which allows reversible intercalation of both 
cations and anions. Graphite is generally regarded as a battery-type electrode material to 
construct Li-ion batteries, dual-ion batteries[7] and hybrid energy storage devices[8], while 
intercalation kinetics has been rarely investigated. Herein we disclose that graphite stores 
anion charges via a pseudocapacitive intercalation process; graphite is thus re-categorized as a 
pseudocapacitive rather than a battery-type cathode material. Considering the bulk energy 
storage, high working potential (3-5.3V vs Li/Li+) and high tap density, graphite cathode 
exhibits both higher gravimetric and volumetric energy density (498 Wh/kg and 431.2 Wh/l) 
than AC cathodes (234 Wh/kg and 83.5 Wh/l) with peak power densities of 43.6 kW/kg and 
37.75 kW/l. Consequently, new Li-ion pseudocapacitors (LIpCs) based on graphite cathode 
are proposed (Figure 1b, d). A high energy density of 233 Wh/kg, a peak power density of 21 
kW/kg and excellent cycling stability (96.1% capacity retention after 1400 cycles at 1A/g) can 
be achieved in graphite-graphite LIpCs (G-G LIpCs), surpassing state-of-the-art AC-based 
LICs and other pseudocapacitors. Replacing graphite anode with zero-strain and durable 
Li4Ti5O12 (LTO), similar rate capability and long-term cycle life (10000 cycles) are assessed 
in LTO-G LIpCs. 
To show the advantages of graphite cathode over AC cathode for capacitor applications, 
AC with a high surface area of 2201 m2/g (Figure S2) was selected for comparison with 
commercial graphite powders. The AC possesses abundant micropores (<2 nm) and irregular 
particles ranging from 1 to 10 µm (Figure S3), while graphite sizing in the range of 10-80 µm 
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shows no specific porous structure and a limited surface area of 7 m2/g. AC cathode and 
graphite cathode were then prepared by a conventional slurry casting method on stainless steel 
foils, where alginate sodium was used as the binder (see SI for fabrication details). Due to 
limited porous structure and high graphitization degree, graphite cathode exhibits a high tap 
density of 0.866 g/cm3 (Figure S4) and a high electrical conductivity of 158 S/cm (Figure S5), 
which are ~2.4 and 24.7 times larger than 0.357 g/cm3 and 6.4 S/cm of AC cathode, 
respectively. 
The electrochemical performance of two cathodes was evaluated in half cells with Li foil as 
the counter and reference electrode. The electrolyte was 2M LiPF6 in ethyl methyl carbonate 
(EMC). Ethylene carbonate (EC), the commercial electrolyte additive, was avoided due to its 
hindrance on anion intercalation.[9] The maximum upper potential of AC cathode was 
determined to be 4.6 V (vs Li/Li+, Figure S6). Above this value, severe electrolyte 
decomposition occurs, leading to a rather low Coulombic efficiency (CE, <23%). In contrast, 
graphite cathode can efficiently perform at high potentials up to 5.3 V. Therefore, operating 
potential windows of 3.0-4.6 V and 3.0-5.3 V were adopted for AC and graphite cathodes in 
cyclic voltammetry (CV) and galvanostatic charge-discharge measurements. 
The pseudocapacitive response of graphite cathode was characterized by the CV 
measurement. Figures 2a and b show CV curves of a graphite cathode with a mass loading of 
~2 mg/cm2, rather than a thin-film electrode (<0.1 mg/cm2)[10]. Several pairs of redox peaks 
are observed on the CV curve, indicating reversible Faradaic reaction involved (Figure 2a). 
The anion intercalation into graphite can be expressed as xA¯+C6 ↔ C6(A)x+ xe¯, where 
A¯and C6 represent anions and graphite. Generally, the reaction kinetics can be evaluated by 
the power law i = avb to analyze the dependency of current response on the sweep rate in a CV 
measurement. A b value of 1 is an indicator of a capacitor-like charge storage process; 
whereas a b value of 0.5 suggests that the electrochemical reaction is controlled by semi-
infinite linear diffusion.[4e] As shown in Figure 2b and S7, the redox peaks of graphite cathode 
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display b values of 0.91, 0.92, 0.91, 0.74, 0.94, 1 and 0.97, much higher than 0.5. It indicates 
that the dominant charge storage in graphite cathode is pseudocapacitive. Regarding the AC 
cathode, the perfect rectangular-shape CV in Figure 2a represents a pure electrical double 
layer capacitance mechanism.[1d] 
During the galvanostatic charge-discharge measurements, three evident stages appear on 
the charge-discharge curves of graphite cathode (Figure 2c), which imply a staging 
intercalation/deintercalation behavior. Increasing the current densities from 0.1 to 10 A/g, the 
capacity of graphite cathode slightly decreases from 106.4 to 80.5 mAh/g, highlighting the 
pseudocapacitive behavior of graphite cathode. Under the same current densities, the AC 
cathode only delivers capacities of 61.1 and 31 mAh/g (Figure S8). Figure 2d further confirms 
the high reversibility of anion intercalation/deintercalation into/from graphite cathode. After 
2000 cycles at 1 A/g, a capacity up to 96.7% is still maintained.  
Besides capacity, the graphite cathode also demonstrates higher discharge voltage than AC 
cathode. The midpoint discharge voltage (Vm) of graphite cathode decreases from 4.68 V at 
0.1 A/g to 4.36 V at 10 A/g, which is >0.8 V higher than 3.83/3.54 V of AC cathode at the 
same current densities (Figure 2e). Based on the capacity and Vm, the calculated gravimetric 
energy density of graphite cathode varies from 351.1 to 498 Wh/kg at the gravimetric power 
density of 0.468-43.6 kW/kg, superior to 111.3-234 Wh/kg of AC cathode at 0.383-35.5 
kW/kg (Figure 2f). Taking into account the differences in tap density, graphite cathode 
possesses a more significant advantage than AC cathode. The volumetric energy densities of 
graphite cathode reach 304.1-431.2 Wh/l at volumetric power densities of 0.405-37.75 kW/l, 
which are over 5 times of 39.7-83.5 Wh/l of AC cathode at 0.137-12.7 kW/l (Figure S9). The 
above results highlight that graphite cathode outperforms AC cathode for high-energy and 
high-power capacitor applications. 
To elucidate the structural evolution of graphite cathode during galvanostatic charge-
discharge cycles, multiscale characterizations including ex-situ X-ray diffraction (XRD), 
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Raman, X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM) 
have been carried out. The XRD patterns of graphite cathode at specific charge states (Figure 
3a) are shown in Figure 3b. The pristine graphite cathode shows a characteristic graphite 
(002) peak at 2θ=26.5o, corresponding to a layer spacing of 0.336 nm. Once charge potential 
is above 4.4 V (Li/Li+), the original graphite (002) peak splits into two new peaks located at 
22-25o and 29-35o, which can be assigned to (00n) and (00n+1) peaks of graphite intercalation 
compounds.[7a] The appearance of (00n+1) peak is a clear indication of PF6
− intercalation 
between graphene layers. Charging graphite to higher potentials (up to 5.3V), it is found that 
the (00n) peak gradually shifts to lower angle and (00n+1) to higher angle, representing a 
staging process of PF6
− intercalation from stage 4 to stage 1 (Figure S10). Upon discharging, 
the (00n) and (00n+1) peaks shift in a reverse way until disappearance of (00n+1) peak and 
recovery of graphite (002) peak. Two-stage structure (stage 1&2) of graphite cathode is also 
noticed at 4.78V, which is associated with stage transition.[11] Compared with pristine graphite, 
the graphite cathode after one charge-discharge cycle presents a broadened and declined 
graphite (002) peak, implying decreased crystallinity.[7a]  
The ex-situ Raman spectroscopy was also conducted on graphite cathode to probe anion 
intercalation/deintercalation (Figure S11). The pristine graphite cathode shows a strong G 
band at 1579 cm-1, which is credited to the E2g vibration mode and is due to the bond 
stretching of sp2 carbon atoms. In the charging process, the graphite G band splits into a 
doublet (~1584 cm-1 for E2g2(i) mode and ~1606 cm-1 for E2g2(b) mode) owing to symmetry 
variation of the boundary graphene layer and electronic effects of the intercalant species.[12] 
Meanwhile, the intensity of E2g2(b) mode is enhanced along with charge potentials, suggesting 
that more PF6
− anions are intercalated into graphite cathode. During discharging, the spectral 
changes are reversed and graphite G band can be recovered at 3.0V, demonstrating reversible 
anion deintercalation from graphite cathode. 
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The chemical composition of graphite cathode at pristine, intercalated (5.3V) and 
deintercalated (3.0V) states was analyzed by XPS. The C1s peak of intercalated graphite 
cathode exhibits a broad shoulder at higher energy (Figure S12), confirming electrochemical 
oxidation of graphite by PF6
− intercalation. In the meantime, a 0.4 eV shift of C1s peak to 
lower energy was detected, which differs from AlCl4
− intercalated graphite[13] and needs more 
investigation. The PF6
− intercalation was verified by the appearance of strong F1s and P2p 
peaks (Figure 3c). The atomic ratio of F to P in graphite electrodes is around 5.6 (Table S4), 
approaching the theoretical value of 6. Discharging to 3.0 V, the C1s peak of graphite cathode 
well overlaps that of the pristine graphite cathode due to PF6
− deintercalation (Figure S12), 
which is accompanied by substantial reduction of F1s and P2p signals (Figure 3c). The 
residue F1s and P2p signals can be attributed to trapped/adsorbed species in graphite samples. 
Further, energy-dispersive X-ray (EDX, Figure S13a) spectrum and SEM elemental mapping 
images (C, F and P, Figure 3d) of intercalated graphite cathode demonstrate intense yet 
uniform C, F and P elements over the electrode; whereas deintercalated graphite cathode 
shows much weak F and P signals (Figure S13b and 3e). These results signify the PF6
− 
intercalation/deintercalation involved in graphite cathode. 
In order to demonstrate the “LIpCs" concept, G-G LIpC full devices were first constructed 
using graphite as the cathode and prelithiated graphite as the anode (Figure 1b, d). The 
prelithiated graphite was selected since it can work under an operating potential below 0.2 V 
(vs Li/Li+) and function as additional Li source to compensate Li loss during solid-electrolyte 
interphase (SEI) formation and long-term operation, thus endowing full devices with a high 
working voltage, enhanced energy density and long cycle life.[6a] In this work, the graphite 
anode was activated and prelithiated in a vinylene carbonate (VC)-containing electrolyte (2M 
LiPF6+3 wt% VC/EMC) via a “polarity switch” method
[14] in half cells, where graphite 
electrode was initially cycled in the cathode range and subsequently shifted to anode range 
(Figure S14a-c). The polarity switch process induced dense particle-like SEI on graphite 
     
9 
 
anode (Figure S14d) and activated graphite anode with a high reversible capacity of ~360 
mAh/g (Figure S14a), which is close to the theoretical value (372 mAh/g) of graphite anode. 
Then the graphite anode was prelithiated to a capacity of 200 mAh/g (Figure S15) followed 
by disassembly and pairing with graphite cathode for full devices. And 2M LiPF6 in EMC was 
used as the electrolyte. Equal masses of graphite cathode and graphite anode were used to 
balance the energy and power of G-G LIpCs.[5f, 5h] 
The electrochemical performance of G-G LIpCs was investigated by CV and the 
galvanostatic charge-discharge test. The G-G LIpCs show similar redox peaks to graphite 
cathode (Figure 2a) with a downward voltage shift of 0.14 V (Figure 4a). As shown in Figure 
4b, three typical intercalation/deintercalation stages are well identified on the charge-
discharge profile of G-G LIpCs, which are quite similar to but ~0.15 V lower than those in Li-
graphite half cells (Figure 2c). The Vm of G-G LIpCs is determined to be 4.5 V, much higher 
than 1.5-3.25 V of conventional EDLCs[5a] or LICs[15]. At the current density of 0.1 A/g, the 
G-G LIpCs deliver initial charge and discharge capacities of 108.4 and 95.1 mAh/g 
(calculated on graphite mass in cathode), corresponding to an initial CE of 87.7%. After a few 
cycles, the discharge capacity quickly increases to 99.2 mAh/g and stabilizes afterwards with 
an average CE of 96% (Figure 4c). Under accelerated current rates, the G-G LIpCs show very 
slight capacity decay and polarization on the charge-discharge curves (Figure S16). High 
reversible capacities of 99.7, 98.7, 97, 96.6 and 94.4 mAh/g are retained at 0.2, 0.4, 0.8, 1 and 
2 A/g, respectively (Figure 4d). In particular, when the current density switched back to the 
initial 0.2 A/g, the capacity of G-G LIpCs totally recovered. The cycling stability of G-G 
LIpCs was further evaluated through repeated galvanostatic cycling under 1 A/g (Figure 4e). 
After 1400 cycles, the capacity retention was as high as 96.1% accompanied with an average 
CE of 98.3%; and the charge-discharge curves at different cycles well overlapped with each 
other (Figure S17). The electrochemical impedance spectra (EIS) revealed that no charge 
     
10 
 
transfer resistance increase was observed during the cycling test (Figure 4f), suggesting 
excellent electrochemical stability of electrodes, electrolyte and SEI in the G-G LIpCs. 
Applying a wider voltage window of 3-5.2 V, the performance of G-G LIpCs could be 
further pushed forward. As shown in Figure 4g, the charge-discharge curves of G-G LIpCs 
maintained the similar shape even at a high current density of 10 A/g, implying ultrafast 
electrochemical kinetics of G-G LIpCs. High capacities of 104.3, 102.2 and 80 mAh/g were 
achieved at 0.1, 1, and 10 A/g, respectively, with the corresponding Vm in the range of 4.30-
4.56 V. In addition, the G-G LIpCs allowed rapid charge (at 2 A/g, in 3min) and gradual 
discharge (down to 0.1 A/g) over 1h (Figure 4h) while keeping the capacity nearly constant 
(~100 mAh/g, and S18). Such a quick charge capability is highly appealing for practical 
energy storage applications. The Ragone plots of G-G LIpCs are shown in Figure 4i, where 
the energy density and power density are calculated on the masses of graphite in both 
electrodes and pre-doped lithium. A maximum energy density of 233 Wh/kg is obtained at a 
power density of 445 W/kg. Even at a high power density of 21 kW/kg, the G-G LIpCs still 
deliver a high energy density of 168 Wh/kg. Note that neither nanomaterials nor porous 
materials are involved; the energy density and power density of the G-G LIpCs based on 
micrometer-scale graphite powders surpass those of state-of-the-art LICs and metal oxide 
pseducapacitors, such as graphite-AC,[5f, 5h] LTO-AC,[5a] NC-NC,[5g] NC-TiC,[16] TiO2/rGO-
AC,[17] CNT/V2O5-AC,
[18] Nb2O5-PANI/CNT
[19] and BNC-BNC[20] LICs, and symmetric 
LaMnO3
[10] and ZnxCo1-xO
[21] pseudocapacitors. 
  Furthermore, the electrochemical performance of G-G LIpCs was found to be sensitive to 
the prelithiation strategy of graphite anode. The activation of graphite anode in 1M LiPF6 
EC/EMC at C/10 for 4 cycles and prelithiation of 200 mAh/g led to a limited power capability 
(~70 mAh/g at 2 A/g) and inferior cycling stability (89% capacity retention after only 230 
cycles at 1 A/g) of the resultant G-G LIpCs (Figure S19-S20). It can be mainly attributed to 
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slower kinetics of graphite anode rather than that prepared by the polarity switch method 
(Figure S21).  
Our LIpCs concept can be conveniently expanded to other anode materials. For example, 
LTO-G LIpCs were constructed by replacing graphite anode with the well-known zero-strain 
and durable LTO anode (Figure S22). Due to the high working potential of LTO anode (1.5 V 
vs Li/Li+, Figure S23a), the resultant LTO-G LIpCs performed in a voltage window of 1.5-3.7 
V and showed a moderate Vm of 3.04 V (Figure S23c), which is also higher than 2.25 V of 
reported LTO-AC LICs.[5a] Similar to G-G LIpCs, the LTO-G LIpCs exhibited a notable rate 
capability with 89% capacity retention when the current density increased from 0.2 to 2 A/g 
(Figure S23d). During the long term test (2-3 months), the LTO-G LIpCs kept 88% of its 
initial capacity at 1 A/g after 10000 cycles (Figure S23e, f).  
In summary, we have demonstrated graphite as a low-cost, high-capacity, high-voltage and 
high-rate pseudocapacitive cathode material for supercapacitor application, which 
outperforms the currently used AC cathode on tap density, conductivity and energy density. 
The graphite cathode stores anion charge via pseudocapacitive intercalation rather than 
surface adsorption of AC cathode. As confirmed by multiscale characterizations, the anion 
intercalation into graphite cathode is a staging and highly reversible process. New-type 
graphite cathode-derived LIpCs have also been proposed and demonstrated. The resultant G-
G LIpCs showed both high energy densities and power densities, superior to those of reported 
LICs and pseudocapacitors. Considering the recent significant progress in nano-engineering, 
new compounds and hybridization on electrochemical energy storage, the electrochemical 
performance of graphite cathode-derived LIpCs can be further promoted by pairing graphite 
cathode with various powerful anode materials. This work will inspire the development of 
novel metal-ion pseudocapacitors based on different graphitic carbon materials. 
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Figure 1. Comparison of conventional LICs and the proposed LIpCs. Configuration and typical 
charge-discharge curves of (a, c) LICs and (b, d) LIpCs. 
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Figure 2. Electrochemical performance of AC and graphite cathodes. (a) Typical CV curves of AC 
and graphite cathodes at 1 mV/s; (b) CV curves at different scan rates, (c) charge-discharge curves at 
various current rates (d) cycling performance at 1 A/g of graphite cathode; (e) capacity and Vm 
camparison of AC and graphite cathodes; (f) Ragone plots of AC and graphite cathodes based on 
cathode mass. 
 
 
Figure 3. Structure evolution of graphite cathode. (a) The galvanostatic charge-discharge profile of 
graphite cathode at 0.1A/g; (b) Ex-situ XRD patterns of graphite cathode at different charge states, as 
marked on the corresponding electrochemical profiles. (c) High resolution F1s and P2p XP spectra of 
pristine, intercalated and deintercalated graphite cathode. SEM elemental mapping images of (d) 
intercalated and (e) deintercalated graphite cathode.  
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Figure 4. Electrochemical performance of G-G LIpCs. (a) CV curve at 1 mV/s; (b) charge-discharge 
curve and (c) cycling performance at 0.1 A/g; (d) rate performance; (e) long-term cycling stability at 1 
A/g; (f) EIS of G-G LIpCs; (g) rate performance in an expanded voltage window of 3-5.2V; (h) quick 
charge ability; (i) Ragone plots of G-G LIpCs. 
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Graphite cathode stores charge via a Faradaic pseudocapacitive intercalation process, 
which is distinct from the surface electrostatic adsorption of activated carbon (AC). Higher 
energy density can be achieved on graphite cathode than AC cathode, while maintaining 
excellent power capability. Li-ion pseudocapacitors based on graphite cathode are proposed 
and demonstrated for the first time.  
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